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Abstract 
The k inetics of the reactions of the primary and secondary amine group s in aqueous DETA solution w ere measured in a string of 
discs contactor at different concentrations and temperatures. The reaction rates of the primary amine group were perfor med at  
very low loading and for the secondary amine group  H 2SO 4 was used to neutralize the primary amine group s. The reaction rates 
increase with  increasing DETA concentration and temperature. The reaction order is found to be a broken-order and to vary 
slightly with the temperature. Both the termolecular and the zwitterion mechanisms were applied to interpret the experimental 
data and gave identical result . Both DETA and water contribute t o the carbamate formation in the primary and secondary amine 
groups. The rate of CO 2 absorbed in the  primary amine group is faster than the secondary amine group  and about 100 times  
higher. 
Keywor ds: Absorption CO2; DETA; primary amine; secondary amine; Termolecular; Zwitterion  
1. Introduction 
The development of affordable and environmentally acceptable solutions for the capture of CO 2 is today one of 
the most important technological tasks we face. Absorption with amine-based absorbents is the most viable  
technology for CO2 removal today, but, even though CO 2 absorption is an established and proven technology , it is 
still energy intensive. The overall challenge is to reduce energy requir ement, the environmental impact and the 
capture cost.  One way to overcome these challenges is finding a better solvent. Better solvent  candidates should 
have high cyclic capacity, fast absorption rate, high equilibrium temperature sensitivity,  and low ent halpy of 
absorption.  
Diethylenetriamine (DETA), a polyamine with three amine functionalities  (two primary and one secondary 
amine) can potentially have large capacity for CO2 and a high absorption rate.  The presence of three amine groups 
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makes the DETA -H2O-CO2 system more complex than systems with a single amine group [1]. To understand the 
chemistry of this system is essential in developing thermodynamic and kinetics models.   
In aqueous DETA solutions, CO 2 can react with the primary and secondary amine groups of DETA according to  
the reactions:  
- +
2 2(p)DETA+CO +B DETACO +BH«          (1) 
- - +
2(p) 2 2 2(pp)DETACO +CO +B DETA(CO ) +BH«         (1) 
{ }2+ 2+ - +2 2 2 2(s)DETAH +CO B DETAH CO +BH+ «         (3) 
2 2 2 3CO +H O H CO«           (4) 
- -
2 3CO +OH HCO«           (5) 
In order to study the two reactions (1) and ( 3), two different experimental procedures must be used . Reaction (1) can 
be studied  at very low loading. Under these conditions the predominant reaction will be between one of the primary 
amine groups and CO2 whereas the secondary amine does not participate. This was shown by an NMR study of the 
amine reaction mechanisms [ 1].  Reaction (3) can be studied  by eliminating the contribution of the primary group by 
neutralization with acid, e.g. H2SO4. 
The objective of this work is mainly to characteri ze experimentally the kinetics reaction between CO2 and the 
secondary DETA amine group. The two well-known reaction mechanisms, i.e.  zwitterion and t ermolecular  
mechanism were applied to interpret  the data to obtain kinetic rate constants.   
2. Experimental  
The experiments were performed with a string of discs contactor at different DETA concentrations and 
temperatures. The apparatus set up can be seen in figure 1.  
The experimental procedures and the characterization of the gas and liquid side mass transfer coefficient for the 
used string discs contactor are described in Hartono et al. [2] and Ma’mun , et al. [3]. Equations (6) and ( 7) were 
used for the liquid -side mass and gas-side mass transfer coeffi cient s respectively : 
lk 4Γ µ1.0 0.5( )=17.92( ) ( )
D µ ρD
         (6) 
gk d ρυd µ0.79 0.44( )=0.12( ) ( )
D µ ρD
         (7) 
The kinetic rate constant was determined by operating in the  pseudo-first order reaction regime and an enhancement 
factor based on the surface renewal theory was implemented:   
 
Figure 1.  Kinetic apparatus with a string of discs contactor 
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The physiochemical properties of this system were measured separately, such as: density  and viscosity  [4] and 
Henry’s constant  [5]. The N2O analogy [6] was applied to obtain the Henry’s law constan t for CO 2 in the aqueous 
amine solution. The diffusivity of CO 2 into the aqueous DETA solution was correlated using the modified Stokes -
Einstein equation  [7]. The two mechanisms (termolecul ar and zwitterion) for  the reaction of amine and CO 2 to form 
carbamate were applied to interpret  the experimental data. 
 
Termolecular mechanism: 
Initially p roposed by Crooks and Donnellan [8], the amine bonding to CO2 and proton-transfer tak e place 
simultaneously, and was reviewed by da Silva and Svendsen  [9]. The reaction of the primary group of DETA with 
CO2 is shown by  reaction ( 9) 
      (9) 
  
 
 
The reaction of the secondary amine group of DETA with CO2 is shown in reaction (109): 
              (10) 
 
 
 
 
If, in the carbamate formation reactions,  DETA and water are the dominating bases, then the forward reaction can be 
expressed as: 
      ( ) [ ] [ ]{ }[ ][ ]zCO 2 22 2-r = z zDETA H Ok DETA k H O DETA CO+        (11) 
 
Zwitterion  mechanism: 
Initially p roposed by Caplow [10] and reintroduced by Danckwerts [11] this mechanism predicts the carbamate 
formation to pr oceed in  two-step s, i.e. the reaction between CO2 and the amine proceeds through the formation of a 
zwitterion (reactions for primary group (12a) and for the secondary ( 13a)) and the subsequent deprotonation of the 
zwitterion by a base B (reaction for the primary group (12b) and for the secondary group (13b)): 
      (12a) 
     (12b) 
        (13a) 
      (13b) 
At very low loadings the concentration of carbamate is very small and then the carbamate reversion (k-b) can be 
disregarded. By applying the pseudo -steady -state condition for the zwitterion concentration, the overall forward 
reaction rate can be expressed as:  
( ) [ ][ ]
[ ]
2 2Z
CO 2
1
DETA CO
-r =
1
b
k
k
k B
-+
å
          (14) 
If the zwitterion formation is the rate -determining step, equation (14) can be simplified to:  
( ) [ ][ ]ZCO 2 22-r = DETA COk           (15) 
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If the deprotonation of the zwitterion is the rate -determining step, then equation (14) can be simplified to: 
( ) [ ][ ][ ]2ZCO 22
1
-r = DETA COb
k k B
k-
å          (16) 
If DETA and water are the dominat ing bases then the forward reaction can be expressed as:  
( ) [ ] [ ]{ }[ ][ ]zCO 2 22 2-r = z zDETA H Ok DETA k H O DETA CO+        (17) 
The experiments w ere performed in the pseudo-first order regime, i.e. the concentrations of DETA were in large 
excess compared to the concentration of CO2. The equation (11) and (14) can be expressed as:  
( ) ( ) [ ]T ZCO CO obs 22 2-r -r =k CO=           (18) 
Disregarding the contributions of reaction s (4) and (5), the observed kinetic rate constant for the termolecular 
mechanism can be expressed as:  
[ ] [ ]{ }[ ]2
2
T T
obs DETA H O
k k DETA k H O DETA= +         (19) 
And for the Zwitterio n mechanism:  
[ ]
[ ] [ ]{ }
obs
2 22
DETA
k = 1 1
k Z ZDETA H Ok DETA k H O
+
+
        (20) 
To determine the parameters for both the t ermolecular and the z witterion mechanisms, a non-linear regression 
parameter estimation in -house MATLAB computer code was utilized.    
3. Result and Discussion  
3.1.  The study of the k ineti cs reaction of the primary amine group: 
The kinetics of the CO2 absorption reaction with the primary amine group w ere studied at different  
concentrations 1.0, 1.5, 2.0, 2.5 and 2.9 kmol m -3 of unloaded DETA solution and over a range of temperature s  
298.1, 304.4, 313.4, 322.9 and 332.3 K. From the earlier work [ 2], it was found that the (k obs) strongly increases 
with increasing DETA concentration and temperature. The fittings parameters result were tabulated on the Table 
1. The values incre ase with increasing temperature.  Both DETA and water contribute to the reaction and the 
contribution of [ ]{ }TDETAk DETA  is about 70 %. It indicates that in this reaction between the primary amine group and 
CO2 has a broken -order with respect to  the DETA concentration (n~1.7). The reaction order with respect to the 
DETA concentration was found to vary slightly with temperature between 1.65 and 1.72 with an average of about 
1.7. For the zwitterion mechanism; the k 2 values are very large compared t he other two parameters indicating that 
the rate -determining step is deprotonation of the zwitterion. The value of (1/k 2) is very small (close to zero) and 
thus equation 20 will be identical to equation 19 as  shown by the identical parameter values in Tabl e 1 for the 
two mechanisms.  
 
Table 1. Fitting parameters of the kinetic rate constant of the primary amine group for the  termolecular and the zwitterion mechanism s 
298.1 1.7540x10 4 179.7 4.2369x10 11 1.7540x10 4 179.7
304.4 2.2297x10 4 254.1 5.3075x10 11 2.2297x10 4 254.1
313.4 3.1916x10 4 348.9 5.5051x10 11 3.1916x10 4 348.9
322.8 4.5998x10 4 487.2 8.6771x10 11 4.5998x10 4 487.2
332.3 6.6841x10 4 596.8 1.0456x10 12 6.6841x10 4 596.8
Zwitterion Mechanism
T(K)
(m 3 kmol -1 s-1) (m6 kmol -2 s-1) (m 6 kmol -2  s-1)(m 6 kmol -2  s-1) (m6 kmol-2 s-1 )
Termolecular Mechanism
T
DETAk TH O2k
Z
DETAk ZH O2k2k
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3.2.  The study of the kineti cs  of the secondary amine group:  
The reaction kinetics for CO2 with the secondary amine group was performed at the concentrations 0.5 , 1.0, 1.5, 
2.0 and 2.3 kmol m -3 of free DETA in solution and over a range temperature 298.6, 303.7, 307.8 and 313.8 K. 
The aqueous  amine s olution was prepared by mixing equimolar solution of DETA and H 2SO4. At equimolar 
concentration, the two primary amine groups would be expected to be  neutrali zed by H2SO4. After partial 
neutralization, the solution contains a complex ionic system. In order to make sure that the observed kinetic rate 
const ant belongs to the secondary amine group, titration curves were obtained at different levels of neutralization  
as plotted in figure 2. It can be seen that at 0 % level neutralization, two equivalens point is clearly seen. Since 
DETA has three amine groups,  it is obviously that the pKa values of the two primary amine groups may on the 
same position thus both two primary amine groups are seem to be symmetrical in the DETA molecular structure. 
At 66.7 % level of neutralization, the two of primary amine groups were neutralized by H2SO4. It is also seen that 
the equivalens  point for the secondary amine does not change significantly with the level of neutralization, i.e. 
the pKa value for the secondary amine group remains constant, approximately around 5.00. This can be used as 
an indication that the assumption of carbamate formation on the secondary amine group of DETA is acceptable at  
the full neutrali zation level .  
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Figure 2. Titration curves for aqueous DETA solution at different levels of  neutrali zation (%) at 298.1 K.  
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The effect of free DETA concentrations on the observed kinetic rate constant (kobs) at different temperatures can be 
seen in the figure 3. It can be seen in figure 3 that (kobs) strongly  increase s with increasing DETA concentration and 
temperature. With respect to the fr ee DETA concentration, it shows that the secondary amine group reaction has  
also broken-order kinetics (n~1.5).  The reaction order varies slightly with temperature between 1.43 and 1.55 with 
an average of about 1.5. The (kobs) from the secondary amine group is abou t 100 times  lower than the primary amine 
group.  
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Figure 3. Effect of free DETA concentration on the observed kinetic rate constants (k obs) at different temperatures  
To determine the parameters of both the termolecular and the zwitterion mechanisms, the same method 
mentioned previously for the primary amine group were used  [2]. The results are shown in Table 2. From the data 
in Table 2 for the termolecular mechanism the two parameters are well determined. Th e values incr ease with  
increasing temperature.  Both DETA and water contribute to the reaction. The value of [ ]{ }TDETAk DETA  is about 50 
%. For the zwitterion mechanism  t he k2 value s are also large indicat ing that the rate-determining step is the 
deprotonation of the zwitterion. Both DETA and water also contribute to the deprotonation of zwitterion. The 
value of (1/k2) is very small (close to zero) thus equation 20 will be identical to the equation 19 as shown by the 
identical parameter values in Table 2 for the two mechanisms.  
. In comparison with the data on the Table 1, the rate constants value of DETA in the primary amine group 
( )TDETAk  act as a base in the carbamate formation is higher than the secondary amine group as well as of 
water ( )2TH Ok . The ratio of those values also increases with increasing the temperature.   
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4. Conclusions 
The kinetics of the reactions of the primary and secondary amine groups in aqueous DETA solution were measured in a string of 
discs contactor at different concentrations and temperatures. The reaction rates of the primary amine group were performed at 
very low loading and for the secondary amine group H 2SO 4 was used to neutralize the primary amine groups. The level of 
neutralization with H 2SO 4, it does not change significantly the pKa value of the secondary amine group thus the assumption of  
the observed reaction rate for carbamate formation in the secondary group can be accepted. The reaction rates increase with 
increasing DETA concentration and temperature. Both the termolecular and the zwitterion mechanisms were applied to interpret 
the experimental dat a and gave identical result.  DETA and water act as bases in the carbamate formation. The rate constants 
value of DETA in the primary amine group is higher than the secondary amine group as well as of water. The pri mary amine 
group is more reactive than th e secondary amine group.  
 
5. Acknowledgement  
Financial support from the Indonesia Ministry of National Education  is greatly appreciated. 
6. Reference  
[1] A. Hartono, E.F.  da Silva, H. Grasdalen and H.F. Svendsen, Ind. Eng. Chem. Res. 46  (2007) 249. 
[2] A. Hartono, E.F. da Silva, and H.F. Svendsen, to be submitted to Chem. Eng. Sci. (2008)  
[3] S. Ma’mun,  V.Y.  Dindore and H.F. Svendsen, Ind. Eng. Chem. Res. 46  (2007) 385.  
[4] A. Hartono and H.F. Svendsen, submitted to J. Chem. Eng. Data  (2008) 
[5] A. Hartono, O. J uliussen and H.F. Svendsen, Accepted in J. Chem. Eng. Data. (2008) 
[6] J.K.A. Clarke,Ind. Eng. Chem. Fundam. 3  (1964) 239.  
[7] G.F. Versteeg and W.P.M. van Swaiij, J. Chem. Eng. Data, 33   (1988)  29. 
[8] J.E. Crooks  and J.P. Donnellan,  J. Chem. Soc., Perki n Trans. 2 (1989) 331 
[9] E.F. da Silva and H.F.  Svends en, Ind. Eng. Chem. Res. 43  (2004) 3413.  
[10] M. Caplow, J. Am. Chem. Soc. 90  (1968)  6795.  
[11] P.V. Danckwerts, Chem. Eng. Sci. 34  (1979)  443. 
 
  
Table 2. Fitting parameters of the kinetic rate constant of the secondary amine group for the termolecular and the zwitterion mechanism s  
 
298.6 5.0979x10 2 10.7 3.0522x10 11 5.0979x10 2 10.7
303.7 6.6479x10 2 11.3 4.3857x10 11 6.6479x10 2 11.3
307.8 7.7203x10 2 14.0 5.1572x10 11 7.7203x10 2 14.0
313.8 9.9886x10 2 14.1 5.2766x10 11 9.9886x10 2 14.1
T(K)
Termolecular Mechanism
(m 6 kmol -2  s-1) (m 6 kmol -2  s-1)
Zwitterion Mechanism
(m3 kmol-1 s-1 ) (m 6 kmol -2  s-1) (m 6 kmol -2  s-1)
T
DETAk TH O2k
Z
DETAk ZH O2k2k
 
A. Hartono, H.F. Svendsen / Energy Procedia 1 (2009) 853–859 859
